The Great War of 1914-1918 ushered in a new era of technology on the battlefield resulting in casualties on an unprecedented scale. There had been progress in many related areas of medicine before the outbreak of hostilities but these had not been applied or fully developed in clinical practice. This is particularly true for the management of haemorrhagic shock and resuscitation. This article discusses the history and development of medical treatment of shock and trauma patients during the conflict.
The Great War of 1914-1918 made enormous demands on the medical services of all nations involved. From a total of 65 million people engaged in the war on both sides almost eight million were killed and over nineteen million wounded, nearly twice the numbers of the Second World War. New weapons such as toxic gas, aircraft, tanks, machine guns and the resulting massive amount of casualties meant new challenges and opportunities for the medical community. Under the pressure of these demands, the medical services responded by administrative and scientific improvements which transformed many fields of medicine. There was also interaction between medical personnel from different countries, which meant that there was a crucible for the development of new ideas and techniques. Many of these advances contributed to the establishment of new specialties and fields of medicine that still endure. Examples of these include fluid resuscitation, transfusion, management of shock and trauma, immunisation, blood transfusion, oxygen therapy and anaesthesia 1 .
The war was fought on a global scale with each theatre of war presenting its own health challenges. On the Western Front, the battlefields were fertilised fields which meant wounds were quickly infected with organisms like Clostridium welchii. Meticulous asepsis, aggressive debridement and amputation were the only defence in the absence of antibiotics. In countries like Egypt, Palestine and South West Africa, malaria and dysentery were much bigger causes of mortality than the war itself. However lessons had been learnt from previous campaigns and Sir Almroth Wright, a British pathologist, ensured that vaccines and sera against typhoid and cholera were distributed on a mass scale and mortality from these two causes was extremely low in comparison. Frequent delousing and prophylaxis against venereal disease also produced results in reducing morbidity and mortality 1 .
Management of haemorrhagic shock
Surprisingly by the outbreak of war in 1914, the pathophysiology of haemorrhagic shock was still poorly understood. Many medical practitioners still thought that it was a nervous disorder, not differentiating it from emotional shock. Reliable methods of quantifying the blood pressure had recently been described which would lead to an improved understanding and management of shock. On 8 th November 1905, a 31-year-old Russian army surgeon, Nicolai Korotkoff, had presented a paper to the Medical Academy of St. Petersburg. In this presentation, he described his discovery of diastolic sounds that he had heard when using a child's stethoscope, during deflation distal to the arm cuff of Riva-Rocci's blood pressure apparatus 2 . His method of measuring systolic and diastolic blood pressure by means of auscultation took several years to reach Western health practitioners. By 1910, following translation from the papers in German, auscultation for Korotkoff's sounds was beginning to replace palpation of the pulse in western countries 3 .
Classification of shock
In 1914 Captain Ernest Cowell was a surgeon at 23 Casualty Clearing Station (CCS). He was later made Major General, knighted and served in World War 2. Cowell had learned how to measure human blood pressure using Korotkoff's method. The sphygmomanometer was rarely used at this time-most physicians merely felt the pulse to measure heart rate and to judge the strength of the pulse wave. Cowell undertook a systematic investigation and measurement of soldiers' blood pressures, teaming up with Captain John Fraser from nearby 33 Casualty Clearing Station. In camp, systolic pressures were 110-120 mmHg, typical of healthy men in their age group. At the front, many men's pressures were around 140 mmHg, which is unsurprising considering the stress they were under, although some soldiers retained a normal blood pressure. Some wounded men had still higher systolic pressures of up to 170-180 mmHg. Others, within 20-30 minutes after being hit, showed the classic symptoms of shock and their pressures had fallen to 90 mmHg or lower. They were said to have primary shock. Another group initially showed no signs of shock, but developed the symptoms a few hours later-by then their pressures were 70-90 mmHg. This was known as secondary shock. Some shocked men recovered in time and their blood pressure returned to normal, but in others, the blood pressure continued to decline; if they fell to 50-60 mmHg the men died because their pressure was too low to drive enough blood into the coronary circulation to sustain the heart 3, 4 .
Fluid management in shock
Saline was the main intravenous fluid in use at the outbreak of war. In severe shock this was proving inadequate so the response to alternative intravenous fluids was explored. William Maddock Bayliss was Professor of General Physiology at University College London and was well known for his early work on colloids. He also worked on mammalian physiology, often collaborating with his brother-in-law, Ernest Henry Starling. Starling had described the importance of hydrostatic and oncotic pressure in the capillary and this gave Bayliss the idea that colloids might be better for resuscitation than saline alone. He produced experimental shock by bleeding anaesthetised cats, which lowered their blood pressure. Bayliss noted that after the infusion of saline, blood pressure initially recovered but then fell again. After infusing a solution containing the gum of the acacia tree, the blood pressure could be maintained for longer. He also noted that gelatin and starch solutions had similar properties 5 . Gum acacia (also called gum arabic) is a complex polymer of polysaccharides and glycoproteins. It is found in the sap of the trees Acacia senegal and Acacia seyal and is gathered by scraping hardened exudations from the bark. The results were later reproduced by Captains Fraser and Cowell in patients at their Casualty Clearing Stations (see figure 1 ). It should be noted that relatively small volumes (less than one liter in a severely shocked patient) were used which might explain why saline was thought to be ineffective in shocked patients 3 .
A special committee to investigate shock and allied issues was set up in late 1917 6 . The committee met several times and it seems there were still many who felt that shock was caused by changes in the central nervous system. One of the attendees was Walter B Cannon who was the Higginson Professor of Physiology at Harvard Medical School. He proposed that shock was caused by pooling of the blood in the great veins of the abdomen and tried injecting pituitary extract in an attempt to reverse this. He also was able to show that patients in shock had low bicarbonate and recommended that bicarbonate be used to treat shock victims 7 . It appears there was some disagreement between the committee members, but Cannon dug in on the bicarbonate issue. He insisted that gum acacia be prepared in a bicarbonate solution which proved impossible and delayed the introduction of gum acacia by several months. Gum acacia was used extensively in the later part of the war and probably did save many lives although it was eventually withdrawn in the 1930's due to the potential to cause liver necrosis 3 .
Development of blood transfusion
In the early years of the twentieth century, researchers had made significant discoveries about the properties of blood. In 1900 Karl Landsteiner identified the different blood groups 8 and in 1907 Ludwig Hektoen noted the benefit of matching blood groups for compatibility in transfusions 9 , while in 1912 Roger Lee demonstrated that type O was a universal donor and AB was a universal recipient 10 . Despite this increase in knowledge, many practitioners still did not perform blood transfusions because of the high risk involved. Early blood transfusions involved arterial to venous anastamosis between a donor and the recipient. Poor understanding of the value of cross matching led to many transfusion reactions and a lack of acceptance in the wider medical community 5 .
Blood transfusion during the war
A Canadian doctor, Major LB Robertson, had worked in the United States and had gained experience with blood transfusion techniques. He is credited for introducing blood transfusion to the allied military hospitals early in the war. He used a syringe technique which involved immediate injection into the donor of 20 milliliters of freshly drawn blood from a nearby donor. This was repeated multiple times with the aim of giving 800-1000 milliliters which was considered to be the optimum volume to be transfused in severe shock 10 . The blood group of donor and patient was identified but compatibility testing was regarded as being unnecessary in urgent cases. Robertson reported his initial results of four patients. Two died, one from a haemolytic reaction, the other from gas gangrene and two survived 10 . At that stage of the war, mortality from severe haemorrhage was so high that it probably seemed that the risks of haemolytic reactions were worth the taking in view of the vastly improved outcome achieved compared with saline infusion.
The United States joined the war in 1917 and brought with them new developments in blood transfusion. Captain Oswald H. Robertson of the US Army Medical Corps demonstrated the effectiveness of using typed, stored blood for transfusions in 1917 and was an instrumental force behind popularizing this procedure during the war. Instead of collecting blood as the need arose, Robertson advocated storing it in advance. He is credited with creating the very first 'blood bank.' Because of blood's greater accessibility thanks to anticoagulants and storage depots, more patients in need of transfusions were able to be treated and to survive. It is interesting to note that civilian blood banks were not established till the 1930's.
Oswald Robertson published a detailed account revealing how sophisticated blood transfusion had become by the end of the war 12 . He described how blood was collected, citrated stored and transfused up to 26 days later. He described a cohort of 20 men who received transfusion:
"Of these eleven were discharged to the base in good condition and nine died -a mortality of 45 per cent. Those patients who later died all showed the immediate stimulating effect of transfusion with one exception, a case of profound anaemia who died just after transfusion. Four died within forty-eight hours, of gas gangrene; and four lived from two to six days, dying ultimately from the same cause. Three of the four patients in this last mentioned group showed very marked improvement subsequent to transfusion; they stood operation well and were making satisfactory progress several days afterwards when gas infection appeared." 12 Blood grouping mostly relied on the use of O positive donors as described by Sir Geoffrey Marshall, a physiologist and anaesthetist during the war, in an interview published in the British Medical Journal "Of course, we did a great deal of blood transfusion. We knew only about four blood groups and we believed that one group was a universal recipient and another group was a universal donor, so we used to keep all the lightly wounded and see if they were universal donors, and all universal donors had to stay indefinitely in the casualty clearing station to supply the others." 13 An Australian, Captain Alan Holmes á Court, is credited with setting up the first early response trauma care teams late in 1918 14 . He established a team that was able to take emergency care to the battle scene or at least just behind the lines. After initial success at the battle of Hamel in France, each of the five Australian divisions were equipped with a resuscitation unit called the Corp Resuscitation Team. The team was staffed by two medical officers, one designated in charge and expert in performing rapid urgent surgery, blood transfusion and general resuscitation; the second medical officer was experienced in nitrous oxide/oxygen anaesthesia, resuscitation and classification of blood donors. The medical officers were assisted by four soldiers (one noncommissioned officer and three orderlies) trained in theatre and resuscitation work. They were equipped with surgical instruments, anaesthetic gases, blood transfusion apparatus including blood grouping equipment and gum acacia for intravenous infusion 14 . Mobile blood transfusion was facilitated by a device known as the Kimpton Brown flask (see figure 2) which was used to enable a relatively large volume of blood to be transfused by the team. It was a 700ml glass tube with a spike at the top for collecting venous blood and a spike at the bottom for inserting into a vein in the recipient. Coagulation was prevented by careful coating of the whole of the inside of the vessel with a thin layer of paraffin wax. This was usually done by heating the flask with a ball of wax inside, rotating the flask until all the glass was coated. An air pump was connected to the venous collection port and air pumped in to increase the speed of the transfusion.
A report on the Australian early resuscitation teams detailed their activities during August and September 1918. In addition to other general resuscitation, closure of penetrating chest wounds, major dressings and other procedures, they had performed 98 operations, 52 blood transfusions and 62 gum and other intravenous infusions. The report also included the following comment:
"Many limbs were saved by the early removal of tourniquets and it is found that severely shocked patients arrive at the Casualty Clearing Station in much better condition after resuscitation, transfusion, etc. than would otherwise be the case." Holmes á Court was mentioned in dispatches for his work in improving the outcome of injured soldiers but the war ended shortly after and the concept was only re-established in the 1930's 14 .
Oxygen therapy
In the early 20 th century, progress in oxygen therapy accelerated sharply, partly through advances in basic science and medicine and partly because of the horrors of gas poisoning in the trenches of the First World War. Two physiologists, Adolph Fick (German) and Paul Bert (French) greatly advanced the understanding of basic oxygen physiology by describing oxygen tension in terms of units of partial pressure. The individual who built on their work and brought oxygen therapy to a rational and scientific basis was John Scott Haldane, a graduate of Edinburgh University. Haldane described in detail the regulation of respiratory drive by carbon dioxide and its effects on blood hydrogen ion concentration. He explained the concept of anoxaemia, which he classified under three types-lack of oxygen, lack of haemoglobin, or lack of circulation. At the time administration of oxygen was considered only for palliation, but Haldane disagreed 15 .
The use of oxygen during the war really became established as a result of the use of poison gas. Haldane's son had enlisted in the Black Watch regiment of the British Army and served at the front so Haldane took a personal interest even visiting the front himself. Acute poisoning was managed with portable equipment as near to the site of injury as possible. This 'Haldane equipment' consisted of a pressurised cylinder, pressure regulator, reservoir bag attached to the regulator (rather than on the mask as today), and a tight-fitting mask with non-return valves. The 'necessity for continuity of administration as long as symptoms of anoxaemia persist' was identified, and junior medical officers were berated for their 'alarm at the apparatus' and for giving oxygen for five minutes only in each hour. A limitation of the device in acute phosgene poisoning was that the profuse lung oedema filled the tightly fitting masks, with the consequence that the Haldane face mask was abandoned in favour of nasal prongs (developed in the field by Captain Adrian Stokes RAMC). It was also noted that oxygen was useful in the acute treatment of lung oedema, trench nephritis, acute purulent bronchitis, and severe haemorrhage 16 .
A discussion on the therapeutic uses of oxygen was held on 20 th January 1920, in the Section of Therapeutics and Pharmacology of the Royal Society of Medicine 16 . An account of the discussion was published in the British Medical Journal later that year and includes this quotation which gives some insight into the use of oxygen during the war: "Colonel S. L. CUMMINS, C.B., said that it was unfortunate that knowledge tended to be shut up in the heads of ultra specialists. There was no one in the Regular Army when the gas attacks began who had an expert knowledge of the methods of oxygen administration and the indications for its use. By the end of the war, however, the effects of oxygen were much clearer and more widely known, but were not yet completely explained. The impressions he had gathered by the end of the war were:
(1) That it was certain that oxygen did much good in acute gas cases, pneumonia and shock; and
(2) That many medical men were reluctant to use oxygen as freely as it should be used. 16 
Cardiopulmonary resuscitation
In the early 1900's George Crile, an American surgeon, had described the use of external cardiac compression both in dogs and humans to maintain circulation 17 . Artificial ventilation with bellows had been described in the 18 th century and in 1907 the first artificial ventilator, the Pulmotor, was patented by Heinrich Draeger 18 . So by 1914 the basics of modern day cardio-pulmonary resuscitation had been described in the literature. It seems that these insights were not totally lost on the practitioners of the day. There are some references to use of resuscitation during the war. One is by Sir Geoffrey Marshall who describes his role in resuscitating soldiers who had suffered near drowning after swimming in the canals while working on an ambulance barge:
"We had all sorts of adventures by the way. Where we used to lie up the canal was used a good deal by the troops for bathing they would come out of the line and get a wash that way. They very often got drowned because the bottom was muddy and some of them were not very good swimmers. I had a great deal of practice in reviving the apparently drowned. The physiologists often say that if you don't get a man breathing within five or six minutes, it is no good going on. That wasn't at all my experience. Sometimes they wouldn't start breathing on their own for what seemed a good deal more than half an hour. At any rate one was completely exhausted by the time they started breathing.
They were young fit men; they were apparently all right. Of course, we sent them down the line. I did not see them again. But they walked and they talked and so forth. They were not blind. We revived quite a lot in the slack times while we were waiting." 13 Another reference is contained in the Medical Officers log of the light cruiser HMAS Sydney. The log is stored in the Australian War Museum in Canberra and was written by Senior Surgeon Leonard Darcy 19 . HMAS Sydney had been involved in the sinking of the German raider the SS Emden in November 1914 near the Cocos Islands. The Sydney subsequently picked up and treated survivors from the stricken German ship 20 . There is an account of the treatment of a German soldier who had his shattered right leg amputated:
"I was called up to the sick bay to the case and found him pulseless. Strychnine was administered and heart massage and artificial respiration tried without success. It was most disappointing and I was unable to decide if he died of shock or morphia poisoning." 19 Formal cardiopulmonary resuscitation protocols were only established in the 1960's but it seems that attempts at this type of resuscitation were being made in the early part of the century. Unfortunately neither account goes into the detail of the resuscitation technique.
Management of sepsis
In the absence of antibiotics one of the biggest problems faced by medical staff was infected wounds and gas gangrene. Amputation was a common result of infected limbs with up to 80% of infected knees resulting in amputation. Research by British chemist Dr Henry Dakin and French surgeon Dr Alexis Carrel found some benefit from the use of a 1% hypochlorous solution 21 . This became known as the Carrel-Dakin method, where large quantities of sodium hypochlorite solution was used to irrigate wounds, and appeared to reduce the mortality and amputation rate.
An account of its use was described by Gwynned Lloyd, a volunteer aid at no 6 General Hospital, Rouen 22 :
"There were drainage tubes in the bad wounds and another long tube came up from the wound with about five other small tubes at intervals along the way. We had a big syringe filled with this solution and we used to have to inject it into the tubes every three hours so it would wash round the wound. Of course it was very painful for the men. They hated it was so cold-it didn't seem to soothe the wound at all but very often the infection started to diminish if the wound was well irrigated. Of course, even so, the limb still had to be amputated if it was too far gone….. But we did manage to save a great many with no other treatment but the Carrel and Dakin solution." 22 Pain management was also fairly primitive by today's standards. Maisie Bowcott, nursing probationer reported :
"Its amazing what you get hardened to. But the pain the men suffered was frightful and we had nothing to give them. Aspirin was not much good but there was nothing, no pain killer between that and a morphine injection at the other end of the scale, which they only got if they were very bad. But that made them unconscious, so it was only given in extreme cases. Most of the time they just had to bear itand they were very stoical." 22 The war ended in August 1918 but there was a cruel twist of fate that over shadowed the horrors that had occurred. An influenza epidemic spread throughout the United States, Europe and Asia killing an estimated 50 million people 23 . There were three waves of the pandemic and an unusually high death rate in young adults aged 20-40 years. In the absence of advance life support the medical community could only watch helplessly Gladys Stanford, a volunteer aid at Highfield hospital Southampton commented:
"The tragic thing was the Americans. Our hospital overlooked the common and the Americans came down there from their depot on Winchester to camp overnight on it before they embarked for France. It was terrible because they went down with influenza in the course of the night and they died like flies… They just died there in their hundreds." 24 It was a bitter end to a horrific period in history. Probably immunisation saved more lives than any other development and the Spanish flu undoubtedly killed more people than any weapon. However many other aspects of medical care underwent enormous change. The management of haemorrhagic shock, multi trauma, sepsis, oxygen therapy and blood transfusion were all beneficiaries of the circumstances. Although some of the developments took a while to be established in civilian practice, they contributed to the astonishing progress in healthcare that took place in the remainder of the twentieth century.
The author visited the area of the Western Front in July 2014 to research the paper. Most of the action that involved the British and other Commonwealth forces took place in a relatively small area of northern France and Belgium. There are many museums and relics of the war that are displayed with pride by the local people. The Commonwealth War Graves Commission keeps the graveyards in pristine condition and like the Australian War Memorial at Villers-Bretonneux in France, they are elegant reminders of the pain, suffering and sacrifice of the conflict (see figure 3 ).
